We study the phase coexistence in random copolymer systems. In the framework of the one-loop approximation it is shown that the phase transition between liquidlike and lamellar phases in the symmetric random copolymers occurs through the two-phase region. We derive an analytic expression describing the volume fractions of the coexisting phases in this region. To illustrate the phase behavior of the random copolymers, the phase diagram of a polydisperse A -B multiblock copolymer melt is calculated.
I. INTRODUCTION
During the last several years there has been substantial interest in the random copolymer systems. Random copolymers are macromolecules made of two or more chemically different monomers linked together by the covalent bonds. From the theoretical point of view these are the systems with quenched disorder.
1- 9 The randomness in both the distribution of monomers along each chain and among different chains was built in the system during polymerization reaction. 10 The interest in random copolymer systems is stimulated by their tremendous commercial significance, engineering interests, and as a simple model describing the process of protein folding in biopolymers. [11] [12] [13] [14] As an example of the random copolymers, one can consider the Markovian random copolymers that have been prepared by polymerization reaction in the mixture containing A and B monomers. The polymerization kinetics in this mixture is determined by the four bimolecular reaction rate constants that specify the chain growth process. However, at the steady-state conditions at which the composition ͑for example, fraction of A monomers͒ of the copolymer chains is time independent, one needs only two parameters to characterize the monomer sequence distribution. One parameter is the average copolymer composition f , which corresponds to the average monomer composition in the AB mixture. The second parameter (͉͉р1) is the blockiness which shows the correlations in monomer distributions along polymer chains. For the positive values of the parameter , it can be related to the correlation length of the monomer sequences lϭϪ1/ln along copolymer chains.
With decreasing the temperature, random copolymers with repulsive interaction between different monomers undergo a microphase separation transition manifesting an energetic preference for contacts between similar monomers. This phase transition can be described by the order parameter
which is the difference between the local densities of A and B monomers. At higher temperatures, the average value of the order parameter ͑r͒ is equal to zero and the system is at a liquidlike state with uniform distribution of the different species in the system. At lower temperatures, the order parameter becomes a spatially periodic function reflecting the appearance of the domain structure. Phase behavior of the random copolymers can be exactly described in the framework of the one-loop ͑Hartree͒ approximation 4, 6, 8 due to special degeneracy of the effective Hamiltonian. In this approximation, the phase transition between the disordered liquidlike phase and the ordered one is the fluctuation induced first order phase transition. 6, 8 However, these theories do not consider the phase separation.
Another approach to the random copolymers is to treat them as polymer blends with as many components as there are different incorporations of the monomers. 15, 16 In fact, the number of components can be infinite. For example, in the case of random copolymers of the degree of polymerization N without any correlations between neighboring monomers, we can have a mixture of 2 NϪ1 ϩ2 chemically different molecules. The phase equilibria in such a heterogeneous system can be treated in the framework of the Flory-Huggins theory of the polymer blends. The equilibrium number of phases, phase volume, and average composition can be calculated from the condition that the chemical potentials of polymer species is equal in every phase. 15, 16 The modification of the classical approach was done in Ref. 17 . Starting from the multicomponent system, the authors developed the procedure allowed to reduce the number of the degrees of freedom of the system and described the phase transitions in terms of the strongly fluctuating order parameter. The advantage of this approach is that it allows one to simultaneously take into account the domain structure formation and phase separation. It was shown for the model system of polydisperse diblock copolymers that with increasing of the polydispersity, the microphase separation transition is accompanied by the coexistence of the phases with different morphologies. More importantly, this approach has shown a way to include the phase separation phenomena without the detailed characterization of the chemically heterogeneous systems. In the present paper we will use this phenomenological approach to consider the phase coexistence in random copolymer systems.
II. PHASE TRANSITIONS IN RANDOM COPOLYMERS
Near the phase transition point, symmetric AB random copolymer systems containing the same amount of A and B monomers can be described in terms of the Landau expansion of the free energy in power series of the Fourier component of the order parameter ͑q͒,
͑2.1͒
where we introduced notation ͐ q →͐d 3 q/(2) 3 , the parameters C i can be calculated from the microscopic characteristics of the system. 2-7 is the Flory-Huggins parameter and tr is its value at the phase transition point. is the excluded volume and b is the bond length assumed to be the same for all types of monomers in the system; is the average monomer density being for the melt of the order of Ϫ1 . It is useful to introduce the new dimensionless variables,
In these variables the Hamiltonian can be rewritten as follows
͑2.3͒
One of the characteristic features of the random copolymers is the existence of the long-range ͑in fact infinite range͒ fourth order vertex function . In the real space the vertex is a function of distances ͉r 1 Ϫr 2 ͉ and ͉r 3 Ϫr 4 ͉, but not of distance ͉r 1 Ϫr 3 ͉. This nonlocal vertex appears due to nondetailed description of the system. We are using the monomer density fluctuations A (r)Ϫ B (r) as the order parameter that does not specify what type of macromolecules these monomers pertain to. It was shown in Ref. 17 that the existence of the long-range vertex function can result in coexistence of the two phases with different values of the order parameter. This property has been proven by considering the macromolecules with different types of the monomer sequences along polymer chains as independent thermodynamic components.
In order to calculate the free energy of the system in the framework of the one-loop ͑Hartree͒ approximation both above and below phase transition, we will use the Feynman variational method. Below the phase transition there is a nonzero average value of the order parameter ͗͑Q͒͘. The order parameter ͑Q͒ has to be written as a sum of the two terms ͗(Q)͘ϩ␦(Q), where ␦͑Q͒ is the fluctuations of the order parameter with respect to its average value ͗͑Q͒͘. The average value of the order parameter is sought on the class of the trial functions of the following form:
where A is the amplitude of the order parameter and e j is the unit vector defining the orientation of the domain structure. The sum in the last equation is carried out over all k vectors pertaining to the first coordinational sphere of the inverse lattice with modulus ͉q͉ϭQ *
. Here we will be only interested in the domain structure with lamellar symmetry that has the lowest energy in the symmetric case. The variational free energy is
͑2.5͒
The brackets ͗ ͘ H 0 denote the averaging with the Gaussian Hamiltonian given by Eq. ͑2.6͒, and G(Q) is the renormalized Green's function, the form of which will be defined below.
Since we want to investigate the coexistence of the two phases we assume that the average value of the order parameter has the form ͗͑r͒͘ϭͭ 0, for rV 1 2A cos͑Q * ͑ e j r͒͒, for rV 2 , ͑2.7͒
and the renormalized Green's function is
where V i is the volume occupied by the ith phase. The substitution of these trial functions into the expression for the free energy yields
͑2.9͒
where F i is the free energy of the ith phase,
͑2.10͒
For the first phase, which in our case is the liquidlike phase, the average value of the order parameter is equal to zero, A ϭ0, and we have to substitute G 1 (Q) instead of G 2 (Q), and V 1 instead of V 2 , into expression Eq. ͑2.10͒. The equilibrium properties of the phases 1 and 2 can be found by minimization of the variational free energy F with respect to G i (Q), V i , and A. Keeping in mind the conservation of the total volume of the system VϭV 1 ϩV 2 , these extremal equations are
͑2.14͒
In the case ϭ0, these equations can be reduced to the ordinary equations describing the phase transitions in block copolymers.
Let us now choose the form of the trial functions G i (Q). It was shown in Refs. 4 and 6 that the presence of the longrange vertex in the effective Hamiltonian shifts the minimum of the bare correlation function Q 2 ϩ into a region of the finite Q. Expansions of the renormalized Green's functions G i (Q) in the Taylor's series near this minima give
and 
͑2.28͒
The equation ͑2.27͒ is the main result of the paper; it gives the analytical expression for the coexistence curve as a function of the parameters of the system.
III. DISCUSSION
To illustrate our predictions we consider the phase behavior of the random multiblock copolymers prepared by the two step polymerization reaction. 20 During the first step, A and B monomers were polymerized into two blocks. Due to the random nature of the polymerization reaction, there exists the block length distribution given by the Schultz-Zimm formula,
͑3.1͒
where ͗l͘ is the average block length and u is the ratio of the two first moments of the distribution ͑3.1͒, uϭ ͗l 2 ͘ ͗l͘ polymers. The fluctuations open a large window in polymer composition for direct phase transition between liquidlike and lamellar phases. For this reason, we believe that our results can be applied to the asymmetric random copolymers as well.
Unfortunately, we are not aware of an experimental study that may provide confirmation of our theory. We hope that this work will inspire such experiments.
